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EMBOSSING OF PQLYM gR DEVICES 

This invention relates to electronic devices, especially organic electronic devices, 
and mettiods for forming sucdi devices. 

Semiconducb-ng conjugated polymer fliin-film transistois (JTTs) have recently 
become of interest for applications in cheap, logic circuite integrated on plastic 
substrates (C. Drury. et al.. APL 73. 108 (1998)) and optoelectronic integrated 
devices and pixel transistor switches" in high-«soiution active-matrix displays (H. 
Sirringhaus. et al.. Science 280. 1741 (1998). A. Dodabalapur, et al. Appl. Phys. 
Lett 73, 142 (1998)). In test device oonfiguralions with a polymer semiconductor 
and inorganic metel electrxjdes and gate dielectric layers high-perfonnance TFTs 
have been demonstrated. Charge carrier mobilities up to 0.1 cm^A/s and ON-OFF 
current ratios of 10^0* have been reached, which is comparable to the 
perfomiance of amorphous silicon TFTs (H. Simnghaus, etaL, Advances in Solid 
State Physics 39. 101 (1999)). 

One of the advantages of polymer semiconductors is that they lend themselves to 
simple and tow-cost solution processing. However, febrication of all-polymer TFT 
devices and integrated circuits requires the abfllty to fonm lateral patterns of 
polymer conductors, semiconductors and insulators.. Various patterning 
technologies such as photolithography (WO 99/10939 A2>. screen printing (Z. 
Bao/et al., Chem. Mat 9, 1299 (1997)), soft lithographic stamping (JA. Rogers. 
Appl. Phys. Lett. 75. 1010 (1999)) and micromoulding (J A. Rogers, Appl. Phys. 
Lett. 72, 2716 (1998)), as well as direct inlc-jet printing (H. Sininghaus. etal.. UK 
000991 1 .9) have been demonstrated. 

Many direct printing techniques are unable to provide the patterning resolution 
that is required to define the source and drain electrodes of a TFT. In order to 
obtain adequate drive cuoent and switching speed channel lengths of less than 
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10 Jim are required. In the case of mkjet printing this resolution problem has been 
overcome by printing onto a prepattemed suljstrate containing regions of different 
surface free energy (H. Sim'nghaus et al., UK 0009915.0). 

In patent appficafion PCT/GB01/04421 a method is disclosed that allows 
iabricalion of polymer TFTs by a combination of direct write printing and 
embossing. The method is based on forcing a master containing an an-ay of sharp 
protruding wedges into a substrate containing at least one polymer layer, and at 
feast one conducting layer, and microcutting the conducting layer to form source 
and drain electrodes of the TFTs. The method disclosed can also be applied to 
multilayer structures containing more than one conducting lay^, and allows the 
fomnation of vertical field-eflect transistor (FET) devices in which the transistor 
channel is formed on a vertical side wall formed by the embossing step and the 
channel length of the FET is defined by the thickness of a deposffied insulating or 
semiconducting film, and not by a high resolution patterning step. This method 
alJov^ for the low-cost fabrication of FETs with submicrometer channel lengths^ 

In patent applicafion PCT/GB01/04421 a method for defining a seif-alfgned gate 
electrode is also disclosed. The method is based on using the topographical 
profile that is generated by an embossing step that define source-and-drain 
electrode. 

According to a first aspect of the present invention there is provided a method for 
forming an elecbronic device in a multilayer structure comprising embossing a 
topographic profile into a substrate consisting of a first and second depressed 
(protruding) region, and a Ihird protruding (depressed) region separating the first 
and second region, comprising the additional step of depositing a solution of 
conductive or semiconductive material into the first or second region. The method 
may also include selective modification of the surface energy of the embossed 
substrate prior to deposition of the conductive or semiconductive material so as to 
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reduce the wetting of the solution of conductive or seniiconductive material in the 
third region. 

According to another aspect of the present invention there is provided a method 
for fonning a self-aligned electronic device in a multilayer structure comprising 
defining a topographic profile in a first layer depositing at least one additional, 
confomial layer on lop the firaf layer, selectively modifying the surface energy of 
said additional layer, and depositing a pattern of at least one additional layer in 
registration with the topographic profile in the first layer. 

According to anotiier aspect of the present invention there is provided a method 
for fbmiing a verfical^annel field-effisct transistor comprising the step of 
embossRig a substrate containing at feast one polymer layer and pushing a 
portion of a oondudhig elecbpde into the substrate, so as to form source and 
drain electrodes of a vertical-channel transistor. 

Accoixling to yet another aspect of the present invention there is provided a 
method for fomiing a surface energy pattern by embossing, that is used to direct 
trie deposition of materials for formation of at least one of the layers of a field 
effect transistor device. 

According to another aspect of the present Invention there is provided methods 
and devices as set out in the accompanying claims. 

Other aspects of tiie invention include devices fomied by that and other methods, 
and integrated circuits, logic drcuits. display circuits, sensing devices and/or 
memory device circurts comprising one or more of such devices. Preferably tiie 
said devices are formed on a common substrate. Preferably the said devices are 
formed in a common layer of an organic material. 



4 

Preferred aspects of the present invention relate to methods by which solid state 
embossing can be used to fabricate poiymer transistor devices and circuits. 

The present invention vwll now be described by way of example, wffh reference to 
the accompanying drawings, in which: 

figure 1 is a sdhematic diagram of one embodiment of the invention that 
allows definition of source and drain electrode of a planar FET with high 
resofution. 

figure 2 is a schematic diagram of a variant of the embodiment in figure 1, 
in which the embossing master hais the shape of a sharp protruding wedge. 

figure 3 is a sdiematlc diagram of a top-gate planar FET device with a gate 
eiedrode that is setf-aligned wdth the source and drain electrodes. 

figure 4 is a schematic diagram of a bottom gate planar FET device with a 
gate efectrode that is self-aligned with the source and drain electrodes. 

figure 5 is a schematic diagram of a bottom-gafe (a) and top gate (b) FET 
device in which the electrodes in an upper layer are self-aligned by the 
topographic profile generated by electrodes deposited in a lower fayer. 

figure 6 shows a device structure for a vertical-<;hannel FET with a self- 
aligned gate electrode. 

figure 7 shows another device structure for a vertical-channel FET with a 
self-aligned gate electrode. 

figure 8 shows a process for defining a surfiaoe energy pattern by 
embossing. 

figure 9 shows another process for defining a surface energy pattern by 
embo^ing. 

Rgure 1 shows a schematic diagram of the use of embossing to define the critical 
channel length erf a FET device. The substrate 1 is a flexible plastic substrate 
such as pQly{ethleneterephtaIate) (PET), polyethersulphone (JPES) or 
polyethernaphtalene (PEN). Alternatively, the substrate may also be a rigid 
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substrate, such as a glass substrate, coated with a polymer layer. The substrate is 
embossed by pressing an embossing tod 2 containing an array of protrudmg 
features into the substrate. The embos^ng step is perfbnmed at elevated 
temperatures, preferably close" to the glass transition temperature of the substrate 
or the topmost layer on the substrate. The embossing step may also be perfomned 
by bringing the substrate 1 ferto its liquid phase. Pnefenably. the thickness of the 
polymei- layer is chosen to be larger than the height of the protmding features of 
the embossing tool. If the polymer layer is thinner than the height of the pnotnjding 
features of the master, care needs to be taken to minimize damage of the 
embossing tooL After the embossing step a conductive ink 8 is deposited into the 
embossed grooves. The Ink can be deposited in the fomn of droplets, such as for 
example by inlqet printing, aerosol deposition, or spray coating, or as a continuous 
film, for example, by blade coating, spin coating, or dip coaling. By capillary 
. forces the deposition of the conductive ink is confined to the grooves 3,4 on the 
substrate that define the source and drain electrodes of the FET. No deposition 
occurs on top of the nan-ow n'dge 5 defining the channel length L of the device. 

In order to enhance the confinement of the deposited Ink Into the grooves the 
surface on top of the nanow ridge 5 and In the other flat regions of the subsrtrate 
can be modified selectively to provide a surface energy contrast between the 
wetting surface in the grooves and a low^nergy, dewetting suriiaoe on top of the 
ridge 5. This can be achieved by first preparing the whole surface of the substrate 
in a high energy, wetting state by for example, using a polar polymer layer with a 
high surface energy as the embossed surface layer 1 of the substrate, or by 
exposing the substrate to an O2 plasma or UV/ozone surfece treatment 
Subsequently, the substrate Is brought In contact with a flat stamp 6 inked with a 
self-assembled monolayer (SAM) 7 that Is capable of bonding to functional groups 
on the surface of the substrate. Suitable SAMs are for example octyltrichlorosilane 
CaHirSiCb (OTS) or fiuoroalkyltrichlorosilane CnFzr^iCmFamSICIa or equivalent 
methoxy sflanes. Due to the topographic profile on the substrate the SAM is 
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transferred selectively only in the flat regions of the substrate and on top of the 
ridge 5, rendering those surface regions non-wetfing for the ink to be depi»ited, 
while the bottonf^ and side walls of the grooves 3,4 rennain wettrng. This selective 
surface modiflcatfon that Is enabled by the topographic^! profile on the substrate 
provides a strong confining force for the deposition of the conductive ink such as 
polyethylene-dioxythiophene doped with polystyrene sulfonic add (PEDOT/PSSj 
or an Ink of a conducting inorganic dispersion of metallic nanoparticles or 
chemical precursor solution for an inorganic metal fbmiulated in a solvent This 
surfece modification method will be referred to as "flat stamp method" in the 
IbHowing. 

Aflbsr forming the source and drain electrodes 9.10 in this way the device is 
completed by depositing a layer of semiconducting^ material 11, such as 
regioregular poly(3-hexylthiopene) (P3HT) or poly(dioctylfluoren&<x>^^^thiaphene) 
(F8T2), a layer of gate dielectric 12, such as a polymer layer of 
poIy(methylmethacrylate (PWIMA) and printing a pattern of conducting material for 
the gate electrode. The gate electrode 13 can be formed from a conducting 
polymer such as PEDOT/PSS or a inorganic metaL Both the active semiconductor 
and the dielectric layer may also be patterned, such as to form an active layer 
island of the device in order to reduce crosstalk bebveen neighbouring devloes. 

The channel length of the device which is defined by the width of the ridge 3 is 
preferably less than 20ixm, preferably less than 5 jxm, and most preferably less 
than 1 Jim. The minimum channel length is determined by the resolution with 
which the pattern of protruding features on the embossing tool can be defined, 
and the mechanical properties of the polymer substrate determining the maximum 
aperture" rafio of pillars embossed in the polymer substrate. A polymer that is 
suitable for achieving narrow ridges with good aperture ratio is PMMA. 
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The depth of the grooves 3,4 can be used to vary the conducfivity of the source- 
diain etectrodes. In order to achieve good chaige injecSon Into the 
semiconducting active layer it is desirable to fill the grooves 3.4 up to the top of 
the groove, such that the surface of the substrate after deposition of the 
conductive electrodes is efTecBvely planarized. In order to fabricate low resistance 
source and drain electrodes a deep groove can be used in order to allow 
deposition of a very thick conductive film into the grooves. 

The shape of the embossed grooves may have any form, such as a square profile 
(Figure 1) or a triangular groove (FigurB 2). In the case of a triangular groove very 
high resolution patterning can be achieved. In this case the surface of the sharp 
ridge 3 is essentially a line of arbitrarily small width. When the surface energy of 
such a ridge is modified by bringing it into contact with a flat stamp the width of 
tiie dewetting surfece region that defines the channel length of the tiansfetor is 
limited only by the elastic deformation of the flat substrate, and by the diffusion of 
the SAM molecules on the surface of the substrate. Minimum width can be 
achieved, for example, by reducing the pressure virith which the flat stamp is 
pressed against the substrate, by reducing the time of contact, or by choosing a 
SAM molecule that has a small diffusion coefficient on the surface of the 
substrate. The method in figure 2 allows easy fabrication of devices with 
submicrometer channel length. 

The methods disclosed above can be applied analogously to bottom gate devices. 
In this case care needs to be taken that the depth of the embossed grooves is 
significantly smaller than the thickness of the gate dielectric in order to prevent 
electrical shorts of the gale dielecfric. 

According to another aspect of the invention a method for fonning a FET device 
vm a self-aligned gate electrode is disclosed. In order to achieve fast switching of 
FETs in a logic drouit it is important to reduce parasitic overlap capacitance due 
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to geometric overlap between the gate electrode and the source/drain electrodes. 
In a convenbonai device architechjre the overlap capacitance can only be reduced 
by reducing the linevridth of the gate electrodes and by accurately registering the 
gate electrode writh respect to the source/drain electrodes. When printing 
techniques are used to define electrodes this is often challenging. In order to 
achieve narrow line widths wrtti a technique such as inkjet printing droplets with 
small droplet volumes needs to be produced and the spreading of such droplets 
on the substrate must be controlled by a suriiace energy pattern that is accurately 
aligned with respect to the previously deposited patterns. In a self-aligned device 
the gate electrode is aligned automatically with respect to the previously defined 
channel and is confined to the channel region itself, not overlapping with the 
metallic ^urce/drain elec^odes. 

The invention is based on making use of a topographic surface profile that is- 
generated in a first layer to define a surface energy pattern in an upper layer that 
is self-aligned with respect to the topographic profile in the fir^ layer. It is an 
essential feature of the invention that one or more layers are deposited on top of 
the first layer without planarising fully the topographic in the first fayer. In one 
embodiment of the invention (Figure 3) in a first step a pattern of source/drain 
electrodes is defined in a similar way as described in Fig- 1 . However, in this case 
the grooves are not filled completely and a surface topography profile remains on 
the surface after deposition of the conductive material into the grooves 17,18. 

The deposition conditions for the semiconducting material 19, and the gate 
dielectric material are chosen such as to preserve this topographic profile, i.e. a 
conformal coating is required. In the case of solution deposition, this can be 
achieved by adjusting the surface energy, and viscosity of the polymer solufions 
as well as the molecular weight of the polymers. Alternatively (in the case of a 
small molecule organic semiconductor such as pentacene) the layers can be 
deposited conformally by vaccum deposition techniques. Solution seff-assembly 
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techniques such as the growth of polymer brushes of the surface can also be 
used. 

If the source/drain electrodes are defined using ernbossed depressions in the 
substrate the gate electrode needs to be confined to a wetting protrusion on the 
surface of the gate dielectric. Diffierentt techniques can be used to achieve this. In 
one embodiment of the invention the surface of the gate dielectric is prepared in a 
non-wetting state for ihe ink of the conductive gate electrode. The substrate Is 
then brought into contact with a flat stamp containing a SAM that is able to bond 
to a functional group on the surface, and has a tail that contains a polar group 
such as a carboxylic acid group. In contact with the stamp the top of the ridge 21 
is then made wetting for the ink of the conducting gate material, while the bottom 
of the grooves remain non-wetting, and self-aligned confinement of the gate ink 
droplets on top of the ridge 21 can be achieved. 

Alternatively. In an intermediate step a low-surface energy polymer 25/26 is 
printed into the grooves on the surface of the gate dielectric. To help the 
confinement of this polymer into the grooves the surface of the gate dielectric can 
be modified selectively by the technique described above using a deweiting 
surface modificaUon layer 24. After the deposition of the hydrophobic polymef the 
surfeice of the substrate Is then made wetting, for example, by a low-energy O2 
plasma, or UV/ozone exposure. During this step the surface of the ridge 21 is 
made wetting again. If the hydrophobic polymer is a fluoropolymer such as Teflon 
AF, the surface of the hydrophobic polymer remain low energy during the wetting 
treatment In a final step the gate electrode is then printed and is corrfined in a 
self-aligned manner to the narrow ridge 21 . Alternatively, the topographic profile of 
the hydrophobic polymer 25/26 can be used to selectively modify the surface of 
the hydrophobic polymer 25/26 to become hydrophobic again after the treatment 
that provides wetting properties to the ridges. This can be achieved by the flat 
stamp method described above. 
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Figure 4 shov^ an alternative device architecture for a bottom gate FET device 
with a self-aiigned gate electrode. In this case the gate electrode is defined first on 
the substrat3 using an embossed topographic profile and a SAM layer 29 that 
renders the flat portions of the substrate wetting while the bottom and side walls of 
the grooves remain non-wetting. In this way confinement of the gate electrode to 
the ridge defined by the embossing step is achieved. This is followed by the 
conformal, non-pianarizing deposition of a dielectric layer 31, the surface of which 
lellects the topographical profile embossed in the sut)stnate. The surface of the 
dielectric is then prepared to be wetting (for example, by exposing the substrate to 
an O2 pFasma treatment or by using a dielectric polymer that is wetb'ng for the 
conducting ink for source/dr^n electrodes, such as polyvtnytphenol in the case of 
PEDOT/PSS). Subsequently the surface of the dielectric is modr^d selectively by 
bringing a flat stamp in contact with the surface. The stamp contains a self- 
assembled monolayer 32 that renders the flat surface regions 34 non-wetting. In 
this way ink deposition for the source-drain electrodes 35,36 can be confined to 
the embossed grooves. The embossed ridge defines the channel of the device. 
The channel is self-aligned with the underiying gate electmde. 

According to another aspect of the invention the topographic profile that is 
required for the self-alignment of patterns in upper layers with respect to patterns 
in lower layers can be generated by patterned deposition of material onto the 
substrate itself wrthout the need for an embossing step. In one embodiment a first 
pattem of electnades is defined on the surface (gate in bottom-gate structure in 
Figure 5(a) and source/drain in top-gate structure in Figure 5(b)), for example with 
the help of a surface energy pattem 39 as disclosed in UK 0009915.0. The 
thickness of the electrode material is preferably larger than 50 nm, most 
preferably larger than 150 nm. The material is preferably deposited in such a way 
that the thickness is uniform across the area of the efectrode, and that the 
thickness profile near the edge of the electrode is abrupt. Subsequently, layers of 
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dielectric 41 and semlconducbng 46 materia! are deposited conformally onto the 
substrate, in such a way that the topographic profile generated by the first 
electrode pattern fe preserved on the surface for the self-aligned deposition of a 
second set of electrodes (souice/draln electrodes 44/45 in Figure 5{a) and gate 
electrode 40 in Figure 5(b)>. Prior to the deposition of ihe second set of electrode 
the surface of the substrate is modified selectively by bringing the substrate in 
contact with a flat stamp containing a SAM that is transfen^ed selectively onto the 
substrate and lowers the surface energy. In some cases it might be necessary to 
deposit a mechanical support layer 42, in order to avoid contact between the flat 
stamp and the substrate in tihe electrode regions. Such contact would be 
established due to sagging of the stamp, if the distance between protruding 
features exceeds a critical distance, that depends on th6» height of the profcrusions 
and the rigidity of the stamp. Sagging can also be prevented if mechanical support 
ieatures are deposited on the level of the first set of electrodes, with simitar 
topography requirements as for the first set of electrodes. 

Acoorcling to another aspect of the present invenfion a novel architecture is 
disclosed for a vertical channel field-effect transistor, as well as a method for 
manufacturing such a device. 

In a vertical TFT (see for example. A. Saitoh, et al. Jpn. J. AppL Phys. 36, 668. 
(1997)) the channel length is defined by the thickness of one of the deposited 
tayeis as opposed to a high-resolution patterning step in the case of a planar TFT. 
in one possible configuration a mesa-iype structure is deposited first consisting of 
source and drain electrode layers separated by a thin dielectric layer the thickness 
of which determines the channel length of the TFT. A vertical side wall is then 
fomied by appropriate means such as a chemical etching process. 
Semiconducting and insulating layers are deposited onto the side walls followed 
by a gate etectrode. Vertical TFTs have been fabricated using inorganic materials. 
They are usefal because they allow formation of submicrometer channel lengths 
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wrfhout requiring expensfve lithographic tools, but offering enhanced circuit speed 
and drive currents. 

Manufacturing of veri:lcal pclynner TFTs rs difficult, mainiy due to pn>btems 
associated with forming verh'cai sidewalls. Chemical etching methods for forming 
side walls pose problems because of the high sofubility of polymers in common 
organic solvents and the lacis: of anisotropic etching mechanisms that in the case 
of inorganic semiconductors cause etching to proceed taster in one 
crystallographic direction that in others allowing fbrmation of well defined facets- 
More directional, physical etching methods such as reactive Ion etching suffer 
from degradation of electrically functional polymers upon plasma exposure. 

In UK PCT/GB01/04421 a method is demonstrated by which vertical channel field- 
effect transistors can be defined by microcutting a polymer multilayer structure a 
sharp protruding wedge in order to define a vertical side wall in the polymer 
multilayer structure exposing cross-section of the various layers in the multilayer 
structure. The method is based on forming a microcut groove in which during the 
embossing step materials transport occurs sideways in the plane of the substnate. 
TTie various layers are microcut, and pushed aside by plastic flow when the 
master penetrates into the substrate. 

In the present method for forming a vertical field-effect device materials transport 
during the embossing step is primarily normal to the substrate; and not sideways. 
In one embodiment of the invention (Rg. 6) a conducting layer 55 on a substrate 
54 fs embossed with a tool 56 containing an array of protruding features with 
sharp edges. The substrate 54 is preferably a flexible electrically insulating 
substrate sudr\ as PET, PEN or PES, or a rigid substrate containing at least one 
flexible polymer layer that is electrically insulating. The radius of curvature of the 
sharp edge is preferably less than 100 ^xm, most preferably less than 10 jjm. 
Preferrably, the protruding features have a rectangular profile, although other 
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protruding profiles are also possible. During the embosslns step, a portion 57 of 
the conducfing layer 55 is pushed into the substrate, separating region 57 
electrically from the remaining conducting regions 58 and 59. In this way source 
and drain electrodes of the device are defined. This structure is then coated 
confomialty with a layer of semiconducting material 60. and gate dielectric 61. 
Rnally a gate electrode 63 Is deposited. Preferrably, the gate electrode is self- 
aligned with the source-drain electrodes. In one embodiment of the invention the 
deposition of the gate electrode is confined to the embossed groove with the help 
of a surface energy banier 62. ttiat is deposited selectively in the flat regions of 
the substrate using the flat stamp method. It is important that the thickness of the 
gate electrode in the groove is sufficient to aUow accumulation of the transistor 
channel along the full length of the transistor channel. 

. m this structure the channel length is defined by the depth of the embossed 
groove. This can be controlled with the height of the protrusion on the embossing 

. master, in case the master is embossed to its maxfrnum depth into the substrate, 
or with the embossing pressure, lime and temperature, in case the master is 
embossed only partially into the substrate, i.e.; to iess than the maximum depth. 
The method allows convenient definition of submicrometer channel lengths. 

In the device structure shown in Figure 6 vertical channels arefomned on all sides 
of the embossed groove. For a given surface area of the device, the transistor 
cunent can be maidmised by increasing the length of the side wall, for example by 
fbnning the prolmsion on the embossing tool in the shape of a spinal. 

In Ihe device structure in Figure 6 the overlap capadtance between the gate 
electrode 63 and source/drain electrode 58/59 is very small, while the overlap 
capacitance between the gate electrode and source/drain electrode 57 is 
significant When the device is used for fast switching, for example in a logic 
circuit or In an active matrix display, the electrodes should be connected in such a 
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way that the switching performance is optimised. In an active matrix display 
configuration, for example, where any overfap cs?>adtance between the pbcel 

electrode and the gate electrode undesirable due to kick-back vottages 
appearing on the pixel electrode upon switching of the gate voltages, eledbrode 58 
or 59 should be connected to tfie pixel electrode, while electrode 57 should be 
* connected to the data addressing line. 

An alternative device structure is shovm m Figure 7. The structure is similar to that 
-in Figure 6, but in this case the semiconducting material 65 is part of the suljstrate 
.. that is embossed. On top of the semiconducting layer a conducting Jayer 66 is 
.coarse patterned. The thickness of the semiconducting layer needs to be as large 
as the d^th to which the substrate is embossed* in order to ensure that the 
vertical side wall between source/drain electrodes 69 and 68 Is fully formed from 
semiconducting material. The device is completed by deposition of a gate 
. dietectrfc 71 and gate electrode 73. Asurfiace energy bamer 72 can be used to 
help confining the gate eledrode to the emliossed groove. 

One of the attractive features of the device configuration in Figure 7 is that during 
the embossing step the chains of the semiconducting polymer can be aligned 
along the direction of downward materials transport, i.e. afang the direction of 
current flow in the device. This results in improved field-effect mobilities and 
. device performance. 

The main advantage of the structure in Figure 7 and 6 compared to that in UK 
PCT/GB01/04421 is that in the former case effrcient carrier injection from ttie 
source and drain electrodes in the channel can be achieved easily, because the 
semiconducting layer and the source and drain electrodes are in contact over a 
large area. In the device configuration described in UK PCT/GB01/04421 at least 
one of the buried conducting electrodes is only in contact with the semiconducting 
layer in a cross-sectional, vertical area, one side of which is determined by the 
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smari thickness of the buried metallic electrode. This may give rise to an 
enhanced parasitic source-drain contact resistance, particularly in situations 
where the ionisation potential of the semiconducting material is larger, for hole 
conduction-based devices, or smaller for electron conducdon-based devices, than 
the Femil level of frie conducting source and drain electrodes. 

According to another aspect of the present invention a method is disclosed by 
which embossing used to define a surface energy pattern for the high-resolution 
solution deposition of conducing electrodes on a subsfarate. 

. ,ln UK 0009915.0 a general method is disclosed for the high-resolution patterning 
of liquid semioondu(*-ng or conducting materials by deposition from solution onto 
a substrate patterned into regions of high and: low suriiace energy. The solution 
can be deposited by techniques such as dip-coating, blade-coating or Inkjet 
printing, and is repelled from the regions of low surface/interface energy, and 
deposits selectively in the regions of high surfacefinterface energy on the 
substrate. The surface energy pattern is predefined by a broad 'range of 
experimental techniques, for example, by themial transfer printing UK 01 16174.4. 

In the present invention we disclose a specific technique to define a surface 
energy pattern which is based on embossing a surface strudure into a sacrificial 
polymer layer. 

in one embodiment of this aspect of the invention a hydrophobic polymer layer 76 
is deposrted on top of a hydrophilic substrate (Rgure 8). An example of such a 
hydrophobic polymer might be a layer of poiyimide with a thickness of SOnm. The 
hydrophobic polymer might also have an aligned molecular structure, for example 
imposed by mechanical rubbing or by exposure to tineariy polarised light, in order 
to act as an alignment layer for a subsequently deposited polymer layer. In a 
second step a sacrificial polymer layer 77 is deposited on fop. Examples for 
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sacrificial polymers are pofyvinylphenol, novolak, or polymethylmethacrylate 
(PMMA) with a thickness of 600 nm. The sacrificial polymer layer is then 
embossed by pressing an embossing tool containing an anray of protruding 
features into the substrate. In a subsequent step the embossed pattern is then 
transferred into the hydrophobic polymer layer fay an etching step, such as an Oa 
plasma etching step, and/or a more direcfional reactive ion etching step, exposing 
the surface of the hydrophilic substrate in the areas that are defined by the 
protruding features on the embossing tool. The etch process is stopped shortly 
after the suiiace of the substrate is reposed in the embossed regions. Due to the 
thickness difference between emtxjssed and unembossed regions some 
sacrrfictal polymer remains m the unembossed regions protecting the surface of 
the hydrophobic polymer during the etching. After removal of the sacrificial 
polymer layer for example by vrashing of the substrate frt a solvent in which the 
sacrificial polymer is soluble, the generated surface energy pattern can be used 
for the high resolut'ori definrtion of source-drain electrodes, or gate electrode and 
: interconnects vAih narrow Ime widths. For example, the process to ^bricate 
transistor devices on top of such surface energy patterns can be as described in 
detail in UK 0009915.0. 

In another embodiment the hydrophobic polymer is embossed directly, without 
the sacrificial polymer 77 on fop. Also in this case^ etching, such as plasma 
etching is used to remove the residual material of hydrophobic polymer that 
remains in the embossed regions, and to expose the substrate surface. In this 
case the surface of the hydrophobic polymer is exposed to the etching medium, 
and care needs to be taken that the etching process preserves a large contact 
angle difference between the surface of the hydrophilic substrate and the surface 
of the exposed substrate. 

In an altemattve embodiment, the surface energy pattern might also be defined by 
a hydrophilic polymer, such as PVP or polyvinylalcohol onto a hydrophobic 
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substrate such as PET. The hydrophific polymer can be patterned in same way as 
described above. 

In another embodiinent of the present Invention (Figure 9) a sacrificial polymer 
such as PVP. PIWMA or novolal< is fiist deposited onto the substrate 82. and then 
embossed in order to generate legions of different thlclcness. An etching step 
such as wet etching, or preferably a plasma etching step is then used to expose 
the substrate surface in the embossed regions. Then a self-^assembled monolayer 
is deposited in the exposed substrate regions by exposing the substrate to a 
vapour of a molecule containing a reactive group that is able ta react with a 
functional group that is present on the substrate surface and fomr* a self- 
assembled monolayer (SAM) on the surfiaoe. For example, in- the case of a 
hydrophilic substrate such as glass alkylchlorosfenes, such as octyitrichlorosilane 
(OTS), alkylmethoxysilanes or fluoroalkylchlorosilanes bond to the hydroxyl 
groups on the surface and render the surface hydrophobic. Prior to exposure to 
the self-assembling molecule the substrate might also be treated in order to 
Increase the number of functional groups on the surface. Such treatment may be 
in the form of a chemical treatment or a plasma treatment If the etching of the 
sacrificial layer is perfonned by Oz plasma Aching, the exposed regions of the 
substrate are automatically left with a large number of hydroxyl groups. 

After the substrate surface modification step the sacrificial polymer layer is 
removed by washing it in a good solvent Care needs to be taken that the 
sacrificial polymer is removed completely from the substrate, and that no residues 
are left on the substrate, which might reduce the difference in surface energy 
between the SAM modified and the bare regions of the substrate. This is 
particularly important In the case of a high surface energy substrate that Is prone 
to be coated with a thin layer of lower energy polymer. This can be achieved by 
suitable choice of the sacrificial polymer, for example in the case of a hydrophilic 
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substrate such as glass, a polar polymer such as PVP is a surfable sacrificial 
polymer. Subsequently, devices are completed as descrft>ed above. 

This process to define surface eneigy patterns by embossing Is rwrt only 
sqsplicabie for patterning of source and drain electrode on the substrate level. It 
tan be applied to reduce iinevwdth of interconnect lines, or to patterning of a 
semlconductfng layer In form of an acfive layer island. It can also be applied on 
upper levels of the dewce. for example in order to fabricate source-drain 
electrodes in bottom gate structures, or gate lines and interconnects with a namow 
iinewidth defined by a surfece energy pattern. In this case care needs to be taken 
not to damage ttie underlying layer during the embossing step, and tiie Ume 
needs to be controlled carefully since the underlying polymer layers usually do not 
provide automatic etch stopping layers. 

In all of the above techniques, the embossing step Is pertbmrted preferrably at 
elevated temperature. The substrate ttiat is embossed might either be in a solid 
phase or in a liquid phase. In a preferred embodiment of the invention the 
embossing step is perfomied in the solid state, slightly below the glass transition 
temperature, Tg of the substrate or the layer to tie embossed. The latter 
temperatures generally are well known and can be found for insfan(» in Polymer 
Handbook (Eds., J. Brandrup, H. Immergut, E. A. GmBce, John Wiley & Sons.. 
New York, 1999), or can readily be detemnined according to standard thenmal 
analysis methods. Preferably, the microstructuring process according to the 
present invention is carried out in a temperature range firom about 50 "C below to 
about 50 "C above Tg. and more preferably from about 40 "C below to about 40 "C 
above that transition. Most preferred Is the temperature range from about 26 "C 
below to about 25 "C above Tg. For semi-crystalline polymers the microstructuring 
.. method according to the present invention Is cam'ed out in the temperature regime 
between about the glass transition temperature, Tg. and the melting temperature. 
Tn». The latter temperatures generally are also well known and can also be found 
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for instenoe in Polymer Handbook, or can readily be detennined according to 
standard thermal analysis methods. Preferably, the mfcrostmcturing process is 
carried out in a temperature range from about 50 befow Tg to 1 *C below T^. 
and more preferably from about 25 °C below Tg to 2 "C below T„. Most prefemed 
is the temperature range from Tg to about 5 "C below Tm. Other processing 
parameters, such as the load that is applied onto the master and time period 
during which rl is applied, aie less critical and are readily adjusted to ensure that 
. fine desired penetration of the master through one or more of the layers fe 
efftected. • 

Embossing >s performed at a temperature of 150?C (PVR), 100"»C (Polystyrene). 
105*^ (PMMA) for up to 60 min with a toad of about 1 kg/mm^. Other processing 
conditions have also been shown to yield safisfectory nesults. Subsequently, *e 
sample is cooled to room temperature before the pressure and the master are 
removed.. 



One of the other important features of the process Is that the master or the 
.5ubstrate:to be embossed can be in contact with a soft njbbery material through 
which the pressure during the embossing is transmitisd in a homogeneous way, 
such that a homogeneous depth of microgrooves is obtained across the substrate. 

The microcutting tool has microcutting protrusions on it. These suitably take 
,the fonri of sharp protruding features, such as ridges, saw-tooth-type structures, 
spikes, and the like. The process of ttie manufacturing and the material of these 
microcutting tools are not critical to the microcutting process. However, the 
material of which the tool is made should be sufficiently hard, and the protrusions 
sufficiently sharp that the tool is capable of cutting through the layers. Where the 
tool is to cut through an upper layer of a multi-layer structure the height h of the 
features should exceed the thickness d of the layer or layers that are to be cut 
Characteristic dimensions of these features, such as the feature height h. 
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preferably are in the range between 1 mm and 1 nm. More preferably these 
characteristic dimensions are between about 100 jim and 5 nm, and most 
preferably between 10 and about 10 nm. To provide suitable sharpness the 
radius of curvature erf the protruding edges of these features should be preferably 
less than 500 nm, more preferably less than 100 nm, and most prefisrabfy less 
than 10 nm. 

The sharp protruding features may be of simple geometries (e.g. line-shaped 
ridges) or more complex such as inferdigitated features. Examples of suitable 
geometries include anays of conical or pyramidal protrusions, and arrays of Imear 
protrusrons- One useful configuration is for the protrusions to be Imeiar and 
parallel to each other. 

The embossing tool suitably comprises at least one cutting edge, but preferably a 
multitude of edges. The latter allows for fabrication of a multitude of devices in 
one single embossing/microcutting step. The protruding edges may all be of the 
same geometry or may differ from each other. For instance, a microcutling tool 
according to the present invention may comprise arrays of line-shaped edges 
with which for example pre-structured electrical-conductive layers on top of a 
polymeric substrate can be cut in one step leading to an array of electrodes e.g- 
for use in electrical devices such as thin-film transistors. 

In another example the embossing master could be either planar or cylinder- 
shaped or could have whatever geometry is best suited for the device and device 
configuration to be febricated as well the fabrication process. Cylinder-shaped 
microcutling tools are particularly useful as they allow for embossing of a 
continuous flexible substrate in a reel-to-reel process. Reel-to-reel fabrication may 
offer higher throughput, and lower cost capability than a standard batch process. 
In this context tt is of particular sign'rficanoe that the embossing is performed 
preferably in the solid state, in which the embossed grooves retain their shape 
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after the embossing tool is retracted. If the embossing were performed in the 
liquid phase, it would be necessary to reduce the substrate temperature before 
removing the microcutUng tool, which would be difficult to achieve wfth a rolling 
cylindrical mfcrocutBng tool. The flexible tool could be constituted by a flexible 
plastics structure, or could be a flexible sheet of another material, for instance a 
thin (e.g. 20 micron thic*) sheet of silicon. 

Large^rea embossing tools according to one embodiment of the present 
invent'on can be ^bricated for Instance by combining a multitude of embossing 
tools comprising. the same or different relief structures (see figure 16). Cylinder- 
shape embossing tools may be fabricated by first producing a planar tool which is 
subsequently rolled or bended (see figure 16). 

Suitable masters can be made by a variety of methods known in the art. Including, 
but not limited io anisotropic etching techniques, lithographic methods, 
electroplating, electrofomnir^ and the like. 

Microcuttiiig tools may be fabricated by first producing sharp features in e.g. a 
silicon waver by anisotropic etching techniques. That microshaped wafer may be 
used as the tool rtseif, or subsequently replicas of that wafer may be made for use 
as the too!. If the wafer is shaped as a negative of the desired tool then the tool 
may be moulded on the wafer. If the wafer is a positive version of the desired tool 
then a first replica of the wafer may be made, and then the tool may be fbmied as 
a replica of that first replica. The replicas are suitably made in materials sudi as 
thennoplastlc and themiosetting polymers. This lias the advantage that sharp 
grooves can be etched irrto the original master, e.g. a silicon waver, what is often 
a more straight-forward process than etching sharp ridges. The polymeric replicas 
of such an original master should be sufficiently hard and capable of cutting 
through the layers to be structured. AooonJingly. polymers used for replica 
.production preferably have a glass transitipn temperature larger than 25 *C, more 




prefersi)ly laiger than 110 and most preferably larger than 150 °C. The latter 
temperatures generally are vuelt known and can be fbund Ibr instance in Polymer 
Handbook (Eds., J. Brandrup, H, Immergut, E. A, Grulke, John Wiley & Sons., 

. New York. 1999). Preferably, high-glass transition, thermosetting resins are used 
for producing replicated miarocutting tools, such as cyanate ester resins (e.g. 
4,4'ethylidenediphenyl dicyanate and oligo(e-methylen-1 ,5-phenylencyanate) or 
epoxy resins such as tetrafundtional tetraglycidyl diaminodlphenylmethane). The 
tatter may be mixed before with an- aromatic hardener such as 4,4'-<liamino 

, diphenyi suifene. DOS. in order to fabricate replicas, a polymer melt, solution or 
pre-polymeric liquid as those listed above is cast, injection- or reaction moulded, 

, and soiidffied in contact with the master structure by e.g. cooling, thermally or 
photochemEcally crosslinking. The original master surfaces may be rendered non- 
adhesive, e.g. by rendering it hydrophobic, using suitable surfiaoe treatments such 
as chemically modification with self-a^embOng monolayers (e.g. silylab'on from 
vapour phase using e.g. octadec^ltrichlorosilane, perfluorodec^trichlbrosilane and 
allyltrimethoxysifane). Alternatively, release coatings or agents such as siticon oil 
may be ^ployed on the surface of the original master. It may also be useful to 
apply such coatings to the cutting surface of the tool. 

As stated above, such pofymeric replicas of the original master structure again 
can be used to produce 2"**, 3"* or higher generation .replicas C'sub-masters") 
. which have either the same relief structure as the original master or a negative of 
. it Crucial is that the final microcuttihg tool comprises sharp protruding edges, 
such as sharp ridges. In order to produce such "submasters" via e.g- embossing, 
injection-- or reactive mouMing, whic*i subsequently can be used to replicate ttie 
final microcutting tool, preferably polymeric materials are employed that display 
good non-adhesive properties, such as perfluorinated polymers, polyolefins, 
polystyrene, or silicone rubbers (e.g. polydimethylsiloxane). Obviously, such 
submasters may be bended or rolled or shaped In whatever geometry is most 
desired depending on the device and device configuration to be fabricated in 
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Older to produce cylinder-shaped microcutting tools or microcutting tools of more 
complex, geometries. For this purpose, it is useful to use flexible, polymeric 
materials, such as polydiroethylsfloxane or polyolefins for submaster production. 

Submasters according to one embodiment of the present invention were prepared 
by first producing a negath/e replica in polysfyrene. PS (atacBc polystyrene. Mw « 
105 kg mor\ Tg « 100 "C; Aldrich). For this purpose. PS granulates were 
embossed at 180 «>C with a silicon m&ster comprising sharp grooves (height h « 
10 mm. periodicity A = 500 mm, edge angle a = 70 MitaroMasch. Nawa mnt. 
13.101 5f; Tallinn. Estonia), applying onto the latter a nominal pressure of 300 g 
mm-^ for 6 min (cf. Stutzmann, N.. Tenroort, T. Al, BasBaansen. C. W. M. FeWman. 
K. & Smith. P. Adv. Mater. 12. 557 (2000)). Subsequently. 2«* generation 
polydimethylsiloxane (Sylgard silicone elastomer 184; Dow Commg Corporation) 
replicas according to one embodiment of the present invention were fabricated by 
poring the pre-polymeric liquid onto these embossed PS films and curing it for 24 
hours at room temperature in air atmosphere. The final microcutting tools were 
febricated by producing a 3"^ generation thermoset replica by first melting the 
cyanate ester restn Primaset PT15 (Lonza) at 110 «C for 30 min. casting thTs melt 
onto the stmctured PDMS films, curing it for 4 hours at 170 "'C and. subsequently 
for 24 hbura at 200 °C. and removing at the end the PDMS replicas from the 
cured, surfiace-structured thermoseL 

In orde^ to fabricate complex integrated circuits Cising microcutting the 
microcutfing tool might be febricated with an ari^ltrary pattern of wedges, that Is 
able to define the critical device dimensions of an arbitrarily complex circuit If 
such a complex master is defined by anisotropic etching of a crystalline vuafer, 
sophisticated etching techniques such as comer compensation (cf. van Kampen, 
R. P. and Wolffenbuttel, R. F. J. Micromech. Microeng. 5, 91 (1995), Scheibe. C. 
and Obenneler. E. J- Micmm&ch. Micmeng. 5. 109 (1995), Enoksson, P. J. 
Mtoromech, Micmeng. 7, 141 (1997)) need to be used in order to ensure that all 
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protruding wedges of the too! that are supposed to ciit a certain layer of ttie 
multifayer stack have the same height 

Attemaljvefy, the microcutling tool may have a very simple wedge pattern, sudh as 
an array of parallel^ linear wedges. In this case all critical device dimensions need 
to be layout on a regular grid. However, circuits of arbitnary complexity can still be 
defined by appropriately defining the coarse pattern of the layer to be cut, and by 
depositing appropriate interconnedions between the regulariy spaced devices. 
This process is parficuiariy suited for a reel-to-reel process based on a 
.combination of direct printing and microcutling. In a first step a regular array of 
source-drain electrodes wrth suitable interconnections are written by a technique 
such as InkJet printing. Then the channel gap between source-drain electrodes Is 
defined by microcutting. An active matrix display is an example where such a 
regular array of TFTs is particulariy usefuL 

It may be advantageous to hold the microcuttinatool at the same temperature as 
jthe multilayer structure during the forcing step. e.g. within 5<*C. Alfemalively, they 
^may be at different temperatures: thus the temperature :Of the microcutting tool 
may be more than 5°C different from the temperature of the multilayer structure 
during the forcing step. 

In one embodiment of the invention the conducting material is a conducting 
polymer, such as PEDOT/PSS or polyanfllne (PAN I), However, the processes and 
devices described herein are not limited to devices fabricated with solution- 
processed polymers. Some of ihe conducting electrodes of the TFT and/or the 
interconnects in a circuit or display device (see below) may be formed from 
Jnoiganic conductors, that can. for example, be deposited by printing of a coHoidal 
suspension or by electroplating onto a pre-pattemed substrate. In devices in 
which not all layers are to be deposited from solution one or more PEDOT/PSS 



portions of the dexdce may be replaced w*h an insoluble conductive material 
as a vacuum-deported conductor. 



For the semiconducting layer any solution processible conjugated polymeric or 
oligomeric material that exhibits adequate field-effect mobilifles ejcceeding 10^ 
cm^/Vs. preferably exceeding 10^ cm^A/s. may be used. Suitable matarials are 
iBgioreflular poly-3-hexylthiophene {P3HT) or F8T2. For a revlevw. see. for 
example H.E. Katz. J. Mater. Chem. 7, 369 (1997). or Z. Bao. Advanced Materials 
12, 227 (2000). Other possibflities include small conjugated molecules with 
solubHteing side chains (J.G. Laquindanum, et al., J. Am. Chem. Soc 120.664 
(1998)), semiconducting organio-inonganic hybrid materials self-assembled from 
solution (CFL Kagan, et al.. Science 286, 946 (1999)). or solution-depostfed 
inorganic- semiconductors such as CdSe nanoparticles (B. A. Ridley, ^ al.. 
Science 286. 746 (1999)). The semiconducting material might also be a vacuum 
deposited organic semiconductor such as pentacene. The thickness of the 
semlconducbng materials is prefenably less than 200nm. most preferrably less 
than 50 nm. 

The semiconducting material can also be an inorganic semiconductor such as thin 
film silicon deposited by vacuum or plasma deposifion techniques. 

The gate dielectric is prefen-ably a solution processed polymer layer, such as 
PVP, or PMMA. Alternatively, the gate dielectric might be a vapour deposited 
inorganic dielectric, such as SiOa or S-.3N4. or BaTiOa. The thickness of the gale 
dielectric is prefenably less than 2 jim. most prefeniably less than 500 nm. 

Prefenably, all materials are deposited by direct printing and solution procesising 
techniques, such as inkiet printing, soft lithographic printing (JA. Rogers et al.. 
AppL Phys. Lett 75, 1010 (1999); S. Brittain et al.. Physics World May 1998. p. 
31). screen printing (Z. Bao, et al.. Chem. Mat 9. 12999 (1997)). and 
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photDtithographic patterning (see WO 99/10939), offset printing, spin-coating, 
blade coating or dip coaiing, exirusion or plating. Ink-jet printing is considered to 
be particularly suitable for large area patterning with good registration, in 
particular for fiexibte pFastic substrates. 

However, some of the materials might also be deposited from the rapour phase. 

The devFce(s) can toe deposited onto any substrate material, such as glass, or 
Perspex or a flexible, plastic substrate such as polyethersulphone. Such a 
material is preferably in the form of a sheet, is preferably of a polymer material, 
• and may be transparent and/or fle)db]e. In the case of rigid substrate, sudi as 
: glass, the substrate is preferrably coated vwth a layer of polymer with a thickness 
of typically 500nm to Ipim, in order to prevent damage to the embossing tool that 
might arise if it was pressed onto the surface of a rigid substrate. 

Although preferably all layers and components of the device and circuit are 
deposited and patterned by soluHon processing and printing techniques, one or 
more components such as a semiconducBng layer may also be deposited by 
vacuum deposition techniques and/or patterned by a photolithographic process. 

When depositing polymer multilayer structures by successive solution deposition 
and printing steps, the integrity of the layer sequence relies on the alternating 
deposition of polymer materials from orthogonal solvents, in order to form well 
controlled interiaces. In particular, it is important that the active interface belween 
the semiconducBng and gate dielectric polymer is abrupt and that in any case the 
solvent sequence for the deposition of the multilayer structure is chosen such that 
the solubility of the previous layer in the solvent used for the deposition of the next 
layer is sufficiently small- Techniques for building up multilayer structures from 
solution are disclosed in PCT/GBOO/04934. 
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Devices such as TFTs febrfcatBd as described above may be part of a more 
complex circuit or device in which one or more such devices can be integrated 
' wfth each other and or with other devices. Examples of applfeatfons include logic 
drcuits and active matrix drcurtiy for a display or a memory device, or a user- 
defined gate array circuit. 

Any of the semiconducting or dielectric layers of the device may also be 
patterned, for example by direct inlqet printing. In particular, the semiconducting 
layer may patterned into an acfive layer island ih order to reduce the crosstalk and 
leakage currents b^een neighbouring transistors In a logic circuit or active 
matrix display. 

The present invention is not limrtBd to the foregoing examples. Aspecte of the 
present Invention include all novel and/or inventive aspects of the concepts 
described herein and all novel and/or inventive combinations of the features 
described herein. 

The applicant draws attention to the fact that the present inventions may include 
any feature or combination of features disclosed herein either implicitly or 
explicitly or any generalisation thereof, without Emitation to the scope of any 
■ definitions set out above. In view of the foregoing description it will be evident to a 
person skilled in the art that various modifications may be made within the scope 
of the inventions. 
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ABSTRACT 



EMBOSSING OF POLYMER DEVICES 

A method for forming a self-aligned electronic device comprising the step of 
generating a topographic profile in a first layer, depositing at least one second 
layer corrfbrmally over the first layer, and using the topographic profile on the 
surface of the second layer to deposit further material In registration with the 
topographic profile in the first layer. 
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